Disordered, strongly scattering porous materials as miniature multipass gas cells 
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Spectroscopic gas sensing is both a commercial success and a rapidly advancing scientific field. 
Throughout the years, massive efforts have been directed towards improving detection limits by 
achieving longinteraction pathlengths. Prominent examples include the use of conventional multi- 
pass gas cells [lrfll , sophisticated high-finesse cavities @4ali gas-filled holey fibers [gHTll| . integrating 
spheres [T34U, and diffusive reflectors [TEI . Il6| ]. Despite this rich flora of approaches, there is a 
continuous struggle to reduce size, gas volume, cost and alignment complexity. Here, we show that 
extreme light scattering in porous materials can be used to realise miniature gas cells. Near-infrared 
transmission through a 7 mm zirconia (Zr02) sample with a 49% porosity and subwavelength pore 
structure (on the order of 100 nm) gives rise to an effective gas interaction pathlength above 5 meters, 
an enhancement corresponding to 750 passes through a conventional multipass cell. This essentially 
different approach to pathlength enhancement opens a new route to compact, alignment-free and 
low-cost optical sensor systems. 

PACS numbers: 07.07.Df; 78.67.Rb; 42.25.Dd; 42.62.Fi; 33.70.-w 
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Disordered, strongly scattering materials are contin- 
uously finding new applications in photonics. Besides 
constituting the physical system for fundamental investi- 
gation of Anderson localization of light pj], Gil and ran- 
dom lasing [lj|[2(|], strong turbidity can also be used for, 
e.g., light trapping in solar cells [21| and focussing be- 
yond the diffraction limit (22|. The use of porous and 
strongly scattering media as efficient multipass gas cells, 
as described here, is an exciting addition to this diverse 
field. The main idea is to inject light into the porous 
material and collect diffusively transmitted light at some 
distance from the injection spot. Multiple scattering will 
force photon pathlengths to greatly exceed the physical 
source-detector separation (Figure [T|) , and this random 
multipass effect will result in enhanced gas absorption 
imprints. As shown in previous work on spectroscopy of 
gases in porous media [23| , absorption related to the solid 
is easily distinguished from gas phase absorption due to 
the great difference in spectral sharpness. Here, by uti- 
lizing disordered and highly porous materials based on 
low-absorption and high-refractive index ceramic mate- 
rials such as alumina (AI2O3, refractive index n = 1.76 
at 760 nm), zirconia (Zr02, n — 2.14) and titania (TiC>2, 
n = 2.49), we report on remarkable pathlength enhance- 
ments. The strong scattering of nanoporous alumina and 
its possible application to spectroscopic gas sensing, was 
brought to attention in recent work on spectroscopy of 



confined gases and wall collision line broadening [24 1. 
Manufacturing and use of materials with much higher 
scattering efficiency, as presented here, represent dra- 
matic improvements in terms of pathlength enhancement 
and gas cell potential. 

We have manufactured and studied five different 
porous sintered ceramic materials (one titania, two alu- 
mina, and two zirconia materials). The pore structure 
has been investigated using mercury intrusion porosime- 
try [25| , and all materials have narrow, well defined pore 




FIG. 1: Illustration of porous media as gas cells (left), and a 
scanning electron microscope image of a utilized nanoporous 
zirconia with 115 nm pores (right). When light propagates 
through a strongly scattering and porous material of thick- 
ness s, the average pathlength of transmitted light (Ltot) will 
greatly exceed s. The pathlength through gas (L) is approx- 
imately proportional to L to t and the porosity <f). The en- 
hancement of the gas interaction pathlength may be defined 
as N = L/s. 



size distributions. The titania is nanoporous (sintered 
Kronos 1001) and has a 42% porosity and pores in the 
79±10 nm range (width here defined as the half width 
at half max, HWHM, of the pore size distribution). One 
alumina is nanoporous with 69±8 nm pores and a 35% 
porosity (AKP30, Sumitomo, Japan), and the other is 
macroporous with 3.7±0.4 urn pores and a 34% porosity 
(made to 92.5% from AA10, Sumitomo, the rest being 
a 40 nm silica powder used as a binder). The zirconia 
materials are nanoporous and both have a 49% poros- 
ity, pores being 43±6 nm (TZ3YBE, Tosho, Japan) and 
115±15 nm, respectively (TZ3YSBE, Tosho, Japan). 

Optical properties (scattering and absorption) of these 
materials have been measured in the 700-1400 nm 
range by employing photon time-of-flight spectroscopy 
(PTOFS) [26[. The measured reduced scattering coeffi- 
cients (fj,' s ) are presented in Figure^, revealing a strong 
dependence on refractive index and pore size. The scat- 
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FIG. 3: Oxygen (O2) absorption for light transmitted through 
the zirconia material with 115 nm pores. The baseline- 
corrected experimental gas spectrum (black, noisy) is shown 
together with a fitted Lorentzian lineshape (red, smooth). 
Fitted pathlength through gas and line HWHM are stated. 
The acquisition time was 10 s, and the detected power was 
about 10 nW (0.003% transmission). 



FIG. 2: Optical properties of the ceramic materials (measured 
using PTOFS). Reduced scattering coefficients are shown in 
(a), and absorption coefficients in (b). Solid lines in (a) show 
fitted a x (X/fj,m)~ b curves and give information on scattering 
decay, being 4045 x A" 4 for the titania, 537 x A -4 ' 4 and 
1187xA~ ' 3 for the aluminas, and 3167 x A" 3 5 and 480 x A" 2 ' 4 
for the zirconias, respectively. 



tering of the two strongest scatterers even approach that 
of the materials used in the quest for Anderson localiza- 
tion of light [13, [3 • At 700 nm, the transport mean free 
path of photons (I* = are about 0.7 um and 1.0 

|xm for the titania and 115 nm zirconia, respectively (the 
shortest photon mean free path observed, published in 
connection with work on Anderson localization, is about 
0.2 |j.m It is also interesting to note that the mate- 

rials with pore size smaller than the wavelength exhibit 
a A~ 4 Rayleigh-type scattering dependency. The 40 nm 
zirconia is partly an exception, indicating that scattering 
due to collective heterogeneity appears to have a strength 
comparable to that of individual pores. The macroporous 
alumina, on the other hand, shows that a heterogeneity 
larger than the wavelength can be used to maintain high 
scattering over a large spectral range. 

The estimated absorption of the materials are shown in 
Figure [2b • As expected for these ceramic materials, the 
absorption is low in the near-infrared range. The titania, 
however, exhibit a fairly strong absorption in the short 
wavelength region, being a tail of strong absorption in 
the ultraviolet. It should also be noted that all materi- 
als, except the macroporous alumina, exhibit significant 
absorption at 1400 nm related to adsorbed water. 

The potential of the materials as spectroscopic multi- 
pass gas cells are demonstrated in high-resolution near- 
infrared (760.654 nm, vacuum wavelength of transition) 



laser absorption spectroscopy of molecular oxygen. At 
atmospheric conditions, the line has a peak absorption 
coefficient of 2.7 x 10~ 4 cm^ 1 and a linewidth of 1.6 GHz 
HWHM. Spectroscopic results are presented in Table 1, 
and the experimental gas spectrum from the most potent 
material (the zirconia with 115 nm pores) is shown in 
Figure [3] The pathlength enhancement of this zirconia is 
impressive, and correspond to 750 passes through a con- 
ventional multipass cell. It is, however, important not to 
look only at the achieved pathlength enhancement. The 
average pathlength of light transmitted through a turbid 
material is proportional to the square of the thickness. 
This holds also for the pathlength through gas [27|, i-e. 
L a s 2 , and the pathlength enhancement is therefore pro- 
portional to the material thickness, N cx s. Instead, the 
suitability of a porous material as a random multipass 
gas cell is jointly determined by the scattering efficiency, 
the absorption of the solid, and the material porosity. 
Strong scattering and high porosity being ideal proper- 
ties for this purpose, while absorption is detrimental both 
in terms of pathlength through gas and total transmis- 
sion. Although the titania material exhibits the strongest 
scattering, the rather strong absorption at 760 nm makes 
it a less successful gas cell candidate than the zirconia 
(at this wavelength). It is also important to realise that 
losses due to scattering and absorption sets a limit to the 
maximum possible thickness. Diffuse light propagation 
cause transmitted intensity to decrease with 1/s, even if 
the absorption would be zero. For example, only 0.003% 
of the light incident on the 7.2 mm thick zirconia reached 
the detector. For comparison, the strong scattering com- 
bined with absorption of the titania (at 760 nm), makes 
it difficult to boost the pathlength through gas by in- 
creasing sample thickness (only 0.001% reaches through 
the 1.4 mm sample). 

Another interesting aspect of the results in Table 1, not 
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TABLE 1: Results from near-infrared (760.654 nm) spectroscopy of molecular oxygen in sintered ceramic materials. The table 
states material thickness (s), photon transport mean free path (I*), porosity ((/>), pore size (d), detected transmission (T), 
spectroscopic linewidth (F), pathlength through gas (L), and pathlength enhancement (N = L/s). Sample diameters were in 
all cases 12-14 mm. 



Material 


s (mm) 


i* (nm) 




d (nm) 


T (%) 


T (GHz) 


L (cm) 


N = L/s (-) 


Zr0 2 


7.2 


1.3 


48.8 


115±15 


0.003 


2.218±0.009 


541±4 


~750 


A1 2 3 


5.5 


5.8 


34.5 


69±8 


0.02 


2.36±0.02 


83.3T0.8 


~150 


Ti0 2 


1.4 


0.8 


42.4 


79±10 


0.001 


2.17±0.09 


19±2 


~135 


Zr0 2 


7.0 


10.4 


48.6 


43±6 


0.05 


2.75±0.06 


86±4 


~120 


A1 2 3 


9.9 


7.8 


34.0 


3700T400 


0.02 


1.616T0.003 


59.5T0.2 


~60 



yet mentioned, is the observed linewidths. The linewidth 
of oxygen within the macroporous alumina agrees well 
with the width expected for oxygen at atmospheric pres- 
sure, i.e. 1.6 GHz. In great contrast, oxygen confined 
in the nanoporous materials exhibits significantly broad- 
ened ab sorp tion lines. This effect was only recently de- 
scribed [UH^l, an d is related to the fact that wall col- 
lisions no longer are negligible. For oxygen at ambient 
conditions, the mean free path between intermolecular 
collisions is about 60 nm. Since these collisions are the 
dominating source of line broadening at atmospheric con- 
ditions, it is not surprising that confinement in nano- 
cavities gives rise to additional collisional broadening. 
Furthermore, the clear negative correlation between pore 
size and line broadening clearly shows the potential of 
wall collision broade ning as means to measure pore size, 
as suggested in Ref. |24j |. 

While the above presented data are obtained for spec- 
troscopy at 760 nm, similar results can be reached for a 
wide spectral range. The absorption of the ceramic ma- 
terials is fairly low up to 4 |j.m, and by accompanying a 
longer wavelength with a scaling of pore size and sam- 
ple thickness, the scattering efficiency and pathlength en- 
hancement can be maintained. This means that porous 
ceramics may be used as spectroscopic gas cells for nu- 
merous important gases, including methane (CH4), car- 
bon dioxide (CO2), carbon monoxide (CO), nitrous oxide 
(NO), nitrogen dioxide (NO2), ammonia (NH3) and wa- 
ter (H 2 0). An issue that requires further investigation is, 
however, how the response time of porous gas cells varies 
between gases, as well with pore size and cell geometry. 
While relatively inert gases, such as oxygen, have been 
found to move rapidly in and out of nanoporous alumina 
[24I HU, the exchange of water vapor (known to be a 
"sticky" gas) is fairly slow [28j . 

To summarize, we have shown that strongly scatter- 
ing porous materials can function as miniature gas cells. 
Important advantages of such gas cells are their small 
size, the small gas volume needed (despite strong path- 
length enhancement), and their alignment- free nature. 
The most obvious disadvantage is that strong scattering 
results in only a small fraction of incident light reaching 
the detector. In the case of laser spectroscopy, another 
problem is speckle interference noise 28, 29]. However, 
the topic is new and significant improvements regard- 



ing detection schemes and gas cell design can be antici- 
pated. For example, other configurations than the pure 
transmission geometry (as adopted here) can be explored. 
This includes designs where lost light is reinjected into 
the material, where light is launched inside the porous 
gas cell, or where a reflection-type geometry is employed. 
Porous gas cells can also be manufactured from other 
crystal forms of the ceramics or other low- absorption ma- 
terials. Finally, the pore structure (porosity and pore 
size) can be optimized to yield stronger scattering [30j, 
allowing smaller gas cells while maintaining or increasing 
L. In particular, materials with pore sizes in the 100-3000 
nm range need to be explored. 



METHODS 

Sintering Titania and zirconia materials were sintered 
for 2 hours at 900° C. The nanoporous alumina was sin- 
tered for 10 minutes at 1000°C, and the macroporous 
alumina for 45 minutes at 1400°C. 

High-resolution spectroscopy is based on tunable 
diode laser absorption spectroscopy (TDLAS), and the 
utilized instrument is described in detail in Ref. [3lJ . Op- 
tical interference noise, an important limitation in laser 
spectroscopy of gases in turbid porous media, is sup- 
pressed by means of laser beam dithering [2!|. Briefly, 
light from a 0.3 mW VCSEL diode laser is injected into 
the pillbox-shaped ceramic samples, and diffuse trans- 
mission is detected by a 5.6 x 5.6 mm 2 large- area photo- 
diode (no alignment needed). The laser is tuned over the 
R9Q10 absorption line at 760.654 nm. This transition 
has a line strength of about 2.6 x 10~ 13 cm 2 Hz, which at 
atmospheric conditions (1 atm, 293 K, 20.9% O2) gives 
rise to a peak absorption coefficient of about 2.7 x 10~ 4 
cm . The corresponding linewidth is about 1.6 GHz 
HWHM, originating from a 1.4 GHz pressure broadening 
combined with a 0.4 GHz Doppler broadening. 

Photon time-of-flight spectroscopy is conducted 
using a tunable system based on a fiber laser combined 
with super-continuum generation, acousto-optical tun- 
able filters, and time-correlated single photon count- 
ing [26|. Picosecond light pulses are injected into thin, 
polished-down versions of the ceramic materials, and the 
temporal shape of the transmitted pulses allows, via dif- 
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fusion theory [32[ , assessment of absorption and reduced 
scattering coefficients. Since effective medium theories 
for strongly scattering materials are not fully developed 
[33j . the evaluation is based on a volume-averaged re- 
fractive index of the porous materials (using appropriate 
Sellmeier equations for the solids). The volume- averaging 
approach limits accuracy, since light in porous media 
tends to interact predominantly with the solid [34j. 
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